Background: Many published data on the association between single nucleotide polymorphisms (SNPs) in the ESR1 gene and prostate cancer susceptibility are inconclusive. The aim of this Human Genome Epidemiology (HuGE) review and metaanalysis is to derive a more precise estimation of this relationship.
Introduction
Prostate cancer is the second most frequently diagnosed cancer and the sixth leading cause of cancer deaths in males. It accounted for 14% (903,500) of the total new cancer cases and 6% (258,400) of the total cancer deaths in males in 2008 [1] . Generally, prostate cancer is known to be a multifactorial disease induced by complex interactions between environmental and genetic factors [2] . Hormonal factors also play a fundamental role in the progression of prostate cancer through estrogen synthesis, metabolism and signal transduction pathways [3] . In the last decade, evidences point to genetic factors, such as variations in hormonal gene, as the key players in prostate cancer development. Currently, a wide range of genes have been identified have some risk associations with prostate cancer, such as AR, CYP17/19, NOS, PSA, ESR1/ 2, etc [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Estrogen receptor 1 (ESR1) is located on chromosome 6, locus 6p25.1 and spans approximately 300 kb in length, including 8 exons and 7 introns [13] . ESR1 functions as a ligand-activated transcription factor composed of several domains important for hormone binding, DNA binding, as well as activation of transcriptions; it can also interact with estrogens receptors to stimulate proliferation of mammary epithelial tissue and alter the expression of downstream genes [14] . Generally, ESR1 is implicated in prostate cancer susceptibility by stimulating aberrant prostate growth, controlling prostate cell growth and programming prostate cell death [15] . Recently, several ESR1 gene polymorphisms have been identified as candidates for prostate cancer susceptibility and among these, ESR1 PvuII (rs2234693 C.T) and XbaI (rs9340799 A.G) polymorphisms were suggested to possess significant associations with the development of prostate cancer. Both PvuII and XbaI can affect ESR1 transcription activity and possibly contribute to the elevated risk of prostate cancer [3, 6, 16] , but the exact effects of ESR1 gene mutations on prostate epithelial cells are still debated despite the fact that estrogen is already used in treatming prostate cancer due to its growth-inhibitory effects [17] . A recent case-control study observed no associations between the selected genetic polymorphisms of ESR1 and prostate cancer risk [14] . Sun et al also suggested that common genetic variations in ESR1 did not strongly correlate with prostate cancer aggressiveness and they also indicated that the polymorphisms of ESR1 may have no biological functions [5] . The inconsistent conclusions to link ESR1 gene mutations with the risk of prostate cancer may be due to the limitations in sample size in the corresponding investigations, of in the inadequate statistical power in genetic studies of complex traits, like age, ethnicity, gender, the histological type, differentiation on tumor stage and research methodology [16] . Therefore, we performed a meta-analysis of all eligible case-control studies with prostate cancer risk and aimed to reveal a more precise relationship between ESR1 gene polymorphisms and prostate cancer susceptibility. Such relationship will shed light on a comprehensive functional profiling of ESR1 gene for better understanding of the biological processes associated with prostate cancer formation and progression [17] . Furthermore, identification of common polymorphisms in the ESR1 gene may be useful in early diagnosis of prostate cancer, allowing patients to receive timely and effective anti-cancer therapies.
Materials and Methods

Literature search
Relevant papers published before July 1 th , 2012 were identified through a literature search in PubMed, Embase, Web of Science and Chinese Biomedical (CBM) databases using the following terms: (0genetic polymorphism0 or 0polymorphism0 or 0SNP0 or 0single nucleotide polymorphism0 or 0gene mutation0 or 0genetic variants0) and (0prostatic neoplasms0 or 0prostate neoplasm0 or 0prostate cancer0 or 0prostatic cancer0) and (0estrogen receptor alpha0 or 0estradiol receptor alpha0 or 0ER alpha0 or 0Estrogen Receptor 10 or 0ESR10). The references from the eligible articles or textbooks were also manually searched to find other potential studies. Disagreements were resolved through discussions between the authors.
Inclusion and Exclusion Criteria
Studies included in our meta-analysis have to meet the following criteria: (a) case-control studies or cohort studies focused on associations between ESR1 gene polymorphisms and prostate cancer susceptibility; (b) all patients diagnosed with prostate cancer should be confirmed by pathological or histological examinations; (c) published data about the frequencies of alleles or genotypes must be sufficient; (d) studies were published in English or Chinese. Studies were excluded when they were: (a) not a case-control study or a cohort study; (b) duplicates of previous publications; (c) based on incomplete data; (d) meta-analyses, letters, reviews or editorial articles. If more than one study by the same author using the same case series were published, either the studies with the largest sample size or the most recently published study was included. The supporting PRISMA checklist is available as supporting information; see Supplement S1.
Data Extraction
Using a standardized form, data from published studies were extracted independently by two authors. The following information were extracted from each article: the first author, year of publication, country, language, ethnicity, study design, numbers of subjects, source of cases and controls, detecting sample, genotype method, allele and genotype frequencies, and evidence of HardyWeinberg equilibrium (HWE) in controls. An attempt was made to contact authors if data presentation was incomplete or if it was necessary to resolve an apparent conflict or inconsistency in the article. In case of conflicting evaluations, disagreements were resolved through discussion between the authors.
Quality assessment of included studies
Two authors independently assessed the quality of papers according to the modified STROBE quality score systems [18] . Forty assessment items related to the quality appraisal were used in this meta-analysis with scores ranging from 0 to 40. Scores of 0-20, 20-30 and 30-40 were defined as low, moderate and high quality, respectively. Disagreements were also resolved through discussion between the authors. The supporting modified STROBE quality score systems is available in Supplement S2. The methodological quality of all eligible studies was also evaluated using the Newcastle-Ottawa Scale (NOS) [19] . The NOS criteria uses a ''star'' rating system to judge methodological quality, which was based on three perspectives of the study: selection, comparability, and exposure. Scores, ranged from 0 stars (worst) to 9 stars (best), equal to or higher than 7 indicated that the methodological quality was generally good. The supporting NOS quality assessment scale is available in Supplement S3.
Statistical Analysis
The association strength between ESR1 gene polymorphisms and prostate cancer susceptibility was measured by odds ratios (ORs) . The statistical significance of the pooled OR was examined using the Z test. Between-study heterogeneities were estimated using Cochran's Q-statistic with a P,0.05 as statistically significant heterogeneity [20] . We also quantified the effect of heterogeneity using the I 2 test (ranged from 0 to 100%), which represents the proportion of inter-study variability that can be contributed to heterogeneity rather than to chance [21] . When a significant Q-test has P,0.05 or I 2 . 50%, it indicates that heterogeneity among studies existed and the random effects model (DerSimonian Laird method) was conducted for meta-analysis; otherwise, the fixed effects model (MantelHaenszel method) was used. To establish the effects of heterogeneity based on the results from the meta-analyses, we also performed subgroup analysis by ethnicity, country, source of controls, and genotype methods. We tested whether genotype frequencies of controls were in HWE using the x 2 test. Sensitivity analysis was performed through omitting each study in order to assess the quality and consistency of the results. Begger's funnel plots and Egger's linear regression test were used to evaluate publication bias [22] . All tests were two-sided and a P value of,0.05 was considered statistically significant. All analyses were calculated using the STATA software, version 12.0 (Stata Corp, College Station, TX, USA).
Results
The characteristics of included studies
According to the inclusion criteria, 12 case-control studies [4, 12, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] were included were excluded in this meta-analysis. The flow chart that displays the study selection process is shown in Figure 1 . A total of 2,165 prostate cancer cases and 3,361 controls were included in this meta-analysis. The publication year of involved studies ranged from 2001 to 2011. All patients diagnosed with prostate cancer were also confirmed by histopathological examinations. Four studies used hospital-based controls, while the other eight studies used population-based controls (community populations). Among these studies, four studies were performed in Caucasian populations, seven studies in Asian populations and one study in mixed populations. Tissue samples were used for genotyping in three studies, while the rest used blood samples for genotyping. Various genotype methods were used among these studies, including polymerase chain reaction-single strand conformation polymorphism (PCR-SSCP), denaturing high performance liquid chromatography (DHPLC), direct DNA sequencing, Taqman, and PCR-restriction fragment length polymorphism (PCR-RFLP). Six single nucleotide polymorphisms (SNPs) in the ESR gene were considered, including PvuII (rs2234693 C.T), XbaI (rs9340799 A.G), codon 10 (rs2077647 T.C), codon 325 (rs1801132 C.G), codon 594 (rs2228480 G.A) and +261G.C (rs746432 G.C); and among these, PvuII (C.T) and XbaI (A.G) polymorphism were the most common SNPs. Genotype frequencies among the controls were consistent with the HardyWeinberg equilibrium (HWE) test, except for four studies [25, 29, 31, 32] . The characteristics and methodological quality of the included studies are summarized in Table 1 .
Association between ESR1 PvuII (C.T) polymorphism and prostate cancer risk A summary of the meta-analysis findings on the association between ESR1 PvuII (C.T) and prostate cancer risk is provided in Table 2 . Ten studies involved the correlations between ESR1 PvuII (C.T) polymorphism and prostate cancer risk. The heterogeneity obviously existed under four genetic models (all P,0.05), which might be a result of the difference in ethnicity, country, source of controls and genotype methods, so random effects model was conducted to pool the results. The meta-analysis results showed that ESR1 PvuII (C.T) polymorphism is not linked to the risk of prostate cancer under all genetic models (T allele vs. C allele: OR = Table 1 . Characteristics of included studies in this meta-analysis. (Figure 3 ), but similar results were not found among American or Japanese populations (all P.0.05). Subgroup analyses based on source of controls and genotype methods, we also found no correlations between ESR1 PvuII (C.T) and the risk of prostate cancer (all P.0.05) (shown in Table 2 ).
Association between ESR1 XbaI (A.G) polymorphism and prostate cancer risk
As shown in Table 3 , the findings of this meta-analysis on the correlation between ESR1 XbaI (A.G) and prostate cancer risk are summarized. The associations between ESR1 XbaI (A.G) polymorphism and prostate cancer risk were investigated in six studies. The heterogeneity was not obvious under all genetic models (all P.0.05), so fixed effects model was used. No associations were found between ESR1 XbaI (A.G) polymorphism and prostate cancer risk under any genetic models (G allele vs. A allele: OR = 1.09, 95%CI: 0.98-1.22, P = 0.118; GG + AG vs. AA: OR = 1.14, 95%CI: 0.98-1.34, P = 0.089; GG vs. AA + AG: OR = 1.08, 95%CI: 0.86-1.34, P = 0.523; GG vs. AA: OR = 1.19, 95%CI: 0.92-1.55, P = 0.174; GG vs. AG: OR = 1.03, 95%CI: 0.82-1.30, P = 0.797; respectively). In the subgroup analysis based on ethnicity, the results indicated that ESR1 XbaI (A.G) polymorphism might significantly increase the risk of prostate cancer among African populations (G allele vs. A allele: OR = 1.60, 95%CI: 1.00-2.57, P = 0.049; GG + AG vs. AA: OR = 2.15, 95%CI: 1.12-4.13, P = 0.022; respectively), but not enough reliability was established due to the estimation of effect size from a single study [26] . Nevertheless, ESR1 XbaI (A.G) polymorphism did not show any statistical association with the risk of prostate cancer among Caucasian and Asian populations (all P.0.05) (Figure 4) . Results from the subgroup analysis by country showed that ESR1 XbaI (A.G) polymorphism was slightly correlated with increased risk of prostate cancer among American population under the allele model (G allele vs. A allele: OR = 1.14, 95%CI: 1.00-1.30, P = 0.045), but not among Japanese and Indian populations. We also performed stratified analyses based on source of controls and genotype methods. The pooled analyses showed that ESR1 XbaI (A.G) polymorphism might be associated with increased risk of prostate cancer in populationbased and PCR-RFLP subgroups. However, similar associations were not found in hospital-based and Taqman or PCR-SSCP subgroups (as shown in Table 3 ).
Association between other SNPs in ESR1 gene and prostate cancer risk
Moreover, we also performed a pooled analysis for all eligible case-control studies to explore the role of ESR1 codon 10 (T.C), codon 325 (C.G), codon 594 (G.A) and +261G.C polymorphisms in prostate cancer susceptibility. However, no significant association between these SNPs and the risk of prostate cancer was observed (all P,0.05) (as shown in Supplement S4).
Sensitivity analysis
Sensitivity analysis was performed to assess the influence of each individual study on the pooled ORs by omission of individual studies. The analysis results suggested that no individual studies significantly affected the pooled ORs in both ESR1 PvuII (C.T) and XbaI (A.G) polymorphisms under the dominant model (as shown in Supplement S5). In addition, we also performed a sensitivity analysis by excluding four studies that deviated significantly from HWE. Further analysis showed that these four non-HWE studies also have no effects on the pooled ORs in both ESR1 PvuII (C.T) and XbaI (A.G) polymorphisms under the dominant model (as shown in Supplement S6).
Publication bias
Begger's funnel plot and Egger's linear regression test were performed to assess the publication bias of included studies. The shapes of the funnel plots did not reveal any evidence of obvious asymmetry under the dominant model ( Figure 5 ). Egger's test also did not show any significantly statistical evidence of publication bias under the dominant model (PvuII: t = 0.88, P = 0.399; XbaI: t = 1.03, P = 0.350).
Discussion
Estrogen plays an important role in the expression of genes that regulate hormone levels, normal prostate developments and prostate diseases [24, 26] . Aberrant expressions or mutations of hormone receptors in cancer cells were also found to be associated with prostate cancer aggressiveness [34] . Additionally, inherited variants in sex hormonal receptor genes may perhaps interact with other variants in the steroidogenic and metabolic pathways cooperatively [5] . Therefore, hormonal status is clearly an important factor in prostate cancer biology. Estrogen exerts its effects on prostatic tissues by binding to and activating estrogen receptors (ESR1 and ESR2). Estrogen receptor (ESR1) is involved in sex steroid metabolism and functions in carrying out the proper cellular responses [27] . Accumulating evidences also indicate that estrogen and estrogen receptors play crucial roles in prostate cancer development and progression [33] . ESR1 is expressed in prostate stromal cells and is thought to stimulate growth factor release and cause epithelial cell proliferation. Ricke et al suggested that it is likely an imbalance of their expression may be critical in determining the effects that estrogen ultimately has on prostate cancer cells [35] . However, a recent genetic study showed that mutations in ESR1 were independent risk factors [28] .
Human ESR1 encoding gene is located on chromosome 6q24-27, consists of eight exons and seven introns, and is about 140 kb in length with two promoter regions and five functional domains, designated as A/B-F, in two differing transcripts at the 59 region [30] . The protein itself has 595 amino acids and weights a molecular weight of 66,182 Da [4] . In the normal prostate, ESR1 is expressed in stromal cells but not in epithelial cells. In contrast, it has been discovered that ESR1 is expressed in the epithelium in Table 2 . Meta-analysis of the association between ESR1 PvuII (C.T) polymorphism and prostate cancer risk. ESR1 Gene and Prostate Cancer Risk PLOS ONE | www.plosone.orgmalignant prostate tissues [38, 39] . ESR1 gene mutations may alter the concentration of reactive estrogens in the prostate [28] . Several polymorphisms in ESR1 gene, such as PvuII (rs9340799 A.G) and XbaI (rs2234693 C.T), have been studied to a assess their causal relationships with prostate cancer [23, 25, 37, 40] . It appears that inherited alterations of the ESR1 gene can possibly explain interpopulation differences in the incidences associated with estrogen-related diseases [29] . Many investigations have demonstrated that prostate cancer risk was associated with the ESR1 gene polymorphism [36, 37] . To explore the association between ESR1 gene polymorphisms and prostate cancer risk, we performed a meta-analysis on 2,165 prostate cancer cases and 3,361 controls. This is the first metaanalysis exploring the relationship between prostate cancer and the ESR1 gene polymorphisms. When all the eligible studies were pooled into the meta-analysis, the results showed that ESR1 PvuII (C.T) and XbaI (A.G) polymorphisms were not associated with the risk of prostate cancer, yet many studies have inferred that ESR1 gene polymorphisms were related to the onset and develop of prostate cancer [11, 12, 26, 37, [41] [42] [43] . A possible reason for the controversy is that a considerable degree of heterogeneity existed among the other studies due to differences in sample sizes, exposure estimates, ethnicity, source of controls and other potential confounding variables. Therefore, we performed a stratified analysis based on ethnicity and country. The results showed that ESR1 PvuII (C.T) polymorphism might increase the risk of prostate cancer among Asian populations, especially among Indian population. ESR1 XbaI (A.G) polymorphism was confirmed to be associated with increased risk of prostate cancer among American population under the allele model, but not among Japanese and Indian populations. However, pooled estimates for Indian population was slightly higher than that for American population, and only pooled OR under the allele model was significant and might lead to unacceptably low levels of statistical power. Therefore, this result should be verified by large, well-designed epidemiologic population-based studies. Ethnic differences in prostate cancer susceptibility are probably the results of both genetic and epidemiological factors, which may mainly be the results of genetic factors including mutations in rare genes that confer high risks and/or mutations in specific genes that confer modestly increased risks [44] . Furthermore, we also performed a pooled analysis for all eligible case-control studies to explore the role of codon 10 (T.C), codon 325 (C.G), codon 594 (G.A) and +261G.C polymorphisms in prostate cancer risk. However, no significant associations between these SNPs and prostate cancer risk were observed.
In interpreting the results of the current meta-analysis, some limitations need to be addressed. First, the sample size is still relatively small and may not provide sufficient power to estimate the association between ESR1 gene polymorphisms and prostate cancer risk. Second, heterogeneity across studies was obvious, which might be a result of the difference in ethnicity, country, source of controls and genotype methods. Third, the selection bias may exist because only articles published in English or Chinese were included. Besides, our meta-analysis was also based on unadjusted ORs estimates because not all published studies presented adjusted ORs, or when they were, the ORs were not adjusted by the same potential confounders, such as ethnicity, age, gender, geographic distribution, etc. Although no obvious publication bias was identified, potential bias cannot be completely ruled out. Nonetheless, it is well acknowledged that many other factors, such as gene-gene or gene-environment interactions may affect the risk of gastrointestinal cancer. Finally, although all cases and controls of each study were well defined with similar inclusion criteria, there may be potential factors that were not taken into account that could have influenced our results.
In spite of these limitations, our meta-analysis still had some merits and values. To the best of our knowledge, this is the first meta-analysis on the relationship of ESR1 gene polymorphisms and prostate cancer risk. It is worthwhile to mention that we also established an efficient searching strategy based on computerassisted programs and manual searches, which allowed us to include as many studies as possible. According to our selection criteria, the quality of studies included in this meta-analysis is sufficient. Explicit methods for study selection, data extraction, and data analysis were well designed before initiating. Finally, there was no evidence of publication bias in this meta-analysis and the sensitivity analysis indicated that the results are statistically robust. In summary, this meta-analysis suggested that ESR1 PvuII (C.T) polymorphism may be a potential risk factor for prostate cancer among Asian populations, especially among Indian population; while ESR1 XbaI (A.G) polymorphism may increase the risk of prostate cancer among American population. Such relationship can provide a more comprehensive mechanism of how ESR1 mutations function in the development of prostate cancer, as well as promise a more effective treatment for prostate cancer. However, further studies are still needed to warrant and validate the association between ESR1 gene polymorphism with other genetic polymorphisms and prostate cancer risk.
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